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Dosimetric Implications of Pulmonary
Macrophage Clusters Observed within
Lungs of Rats That Have Inhaled

Enriched UO, Particles

by Keith J. Morris,' Caroline L. Barker,”> Angus L.
Batchelor,” and Paul Khanna?*?

Twenty-four Fischer 344 rats were exposed to enriched uranium dicxide (UO,) aerosols to give a mean initial lung burden
of 291 4 89 (SD) ug. Groups of rats were killed at 1, 7, 180, 360, 540, and 720 days post-inhalation (PI). Their lungs were
fixed and inflated. Sections cut from all five lung lobes were used to prepare CR-39 neutron-induced **U fission fragment
auteradiographs. A single traverse across a CR-39 autoradiograph of a tissue section, from the left lung of all the rats,
was made using a motorized microscopic stage. The traverse was divided into 10 fields. The track counts per field were
used to test for homogeneity of track distribution and to assess if there was any tendency for tracks to be related to the
peripheral region of the lung. Full raster scans across the entire tissue image were made on left lung autoradiographs from
two animals Killed at each time point to assess the homogeneity of fission fragment track distribution throughout the entire
section. There was no evidence of any temporal change in the proportion of tracks associated with the lung periphery. At
all time points PI, the track distribution was significantly nonhomogeneous, suggesting a nonuniform pattern of tissue
irradiation from the ?**U « particles.

At time points from 180 to 720 days P1, large clusters of macrophages were observed in some of the sections taken from
all five lung lobes. The total number of macrophage clusters increased with time PI. These macrophage clusters produced
many ***U fission fragment tracks within the CR-39 antorndiographs. The tracks within these macrophage clusters
represented 0.4%-84% of the entire track count for the section. The mean ***U o-particle dose rate within these clusters
was calculated to be 0,033 and 0.13 Gy/day, depending on the size of the cluster. This compares with the estimated dose

rates averaged over the whole lung of 0.021 Gy/day at 4 days PI and 0.0057 Gy/day at 720 days P1.

Introduction

To satisfactorily assess the radiation dose to lung cells at risk
of cancer induction, it is necessary to know the microscopic
spatial distribution of the inhaled radioactive particles within the
lung tissues. This is particularly important for highly insoluble
particles (International Commission on Radiological Protection
[ICRP] Class Y), such as plutonium oxide (PuQ,) and uranium
dioxide (UQ,) that have long residence times in the lung. Data
from animal studies suggest that such particles become increas-
ingly less randomly distributed with time after inhalation (/). In
particular, the particles appear to become more associated with
the lung periphery and peribronchial tissue (2,3). Diel et al. (4}
speculate that this association may be due to preferential
clearance of particles from the more central alveolar regions. In
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cases of high particle burdens or lung dose, it seems that particles
also become associated with fibrotic areas of extensive tissue
damage (3).

The principal agent for the clearance and redistribution of par-
ticles within the lung is the phagocytic alveolar macrophage,
Sanders (6) showed that insoluble ***Pu0; particles retained in
the lung from 1 to 2 days after inhalation were normally in
macrophages. Large aggregates of macrophages containing in-
soluble anthracitic particles have been observed by Cottier et al.
(7) in lungs from humans of “‘advanced age.” The particie-laden
macrophages were principally associated with pleural and sep-
tal lymphatics. Only 2% of all the particles observed in the lung
were associated with alveolar tissue. Cottier et al. (7) discuss the
relevance of this finding to possible “hot spots™ in lung doses
after radionuclide inhalation.

This paper presents data from a long-term study of the spatial
distribution of inhaled, enriched UQ, particles-within the lung
of the Fischer 344 rat. The work is concerned with the dosimetric
importance of clusters of alveolar macrophages observed to be
laden with UQ, particles. An assessment is made of whether the
dose to tissues within the rat lung was likely to have been
reasonably uniform over the lung during the 720-day post-
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inhatation (PI) period. Earlier work with the same lung tissue
sections suggested that the central alveoli, subpleural alveoli, and
airway tissue regions would receive about the same 2 a-
particle dose over the 720 days PI (8). In this paper the ran-
domness of the UQ, particle distribution in the lung is further in-
vestigated to discover if the dose within these three lung tissue
regions is likely to be uniform or highly uneven. Discussions of
other aspects of this UO, particle distribution study are given in
Morris et al. (8,9).

Materials and Methods
Inhalation Procedure

Twenty-four male Fischer 344 rats were exposed nose-only for
100 min to an aerosol of enriched UQ, at a concentration of about
150 mg/m> A complete description of the exposure procedure for
these rats is given by Morris ct al. (9). The activity median
aerodynamic diameter of the aerosol ranged from 2.7 t03.2 um,
with a geometric standard deviation of 1.7. This suggests that the
median stokes equivalent diameter of the UG, particles is about
0.8 pm, assuming a UO, density of 11 g/fcm?,

The enriched UQ, particles had a uranium isotopic composi-
tion of 92.8% **°U, 606% ***U, 079% ***U, and 0.34% ***U, by
mass. This gives an e-particle activity of about 1.91 Bg/ug, with
a mean c-particle energy of 4.7 MeV, due mainly to the presence
of 2**U. The total y emission rate is about 40% of the « activity.
For comparison, “*Pu0, and UO, of natural isoto?ic composi-
tion (99.275% ***U, 0.72% **U, and 0005% ***U) have -
particle activities of 2.027 x 10? Bq/ug and 0.02 Bq/ug,
respectively.

At 5 days PI, the mass of enriched UQ, retained in the lung was
estimated by using a small animal whole-body + scintillation
counter (9). The mean initial burden of all the rats was 291 1+ 89
g (SD), with the lowest burden at 136 ug and the highest at 473

Hg.

Lung Tissue Fixation

Two rats were killed at 1 and 7 days PI. Further groups of five
rats were killed at 180, 360, 540, and 720 days PI. The rats were
anesthetized by exposure to 4% halothane and then killed by in-
tratracheal instillation of 1% (weight/volume) OsQ, in fluorocar-
bon FC80,* at an excess pressure of 15 cm above the thorax. This
method was selected because the nonpolar solvent does not mix
with aqueous lung fluids and has been shown to fix cells on the
airway surfaces (/0). The inflated lungs were dissected from the
body and all five lobes separated. Each lobe was cut into 3-mm
transverse slices and further fixed under vacuum for 1 hrin 0.1
M glutaraldehyde. After fixation, the lungs were stored in 0.1 M
sodium cocodylate buffer at 4°C. The uranium content of each
lung was estimated using a y scintillation counter.

The uranium contents of the trachea and extrapulmonary bron-
chi, thoracic lymph nodes, internal jugular and posterior cervical
lymph nodes, kidneys, liver, spleen, and carcass remainder were
determined by delayed neutron analysis. These data have been
reported by Morris et al. (9),

*FC-80 (3M Company) is ne longer produced. Fluorocarbon FO3910, supplied
by Fluorochem Ltd., Dinting Vale Trading Estate, Glossop, Derbyshire, UK,
seems o be a suitable replacement.

Locating UQ, Particles within the Tissue Section

After scintiltation counting, some of the 3-mm lung slices were
systernatically taken from all of the rats and embedded by the
method of Spurr (I1). Thirteen lung lobe slices were selected
from each rat, 2 from right anterior, median, and cardiac lobes
(3rd and 6th slices from the apex}, 3 from the right posterior lobe
(2nd, Sth, and 5th slices from the apex), and 4 from the left lung
(2nd, 5th, 8th, and 1lth slices from the apex)}.

The resin blocks were cut serially by microtome to produce
tissue sections of nominally 5-um thickness, The sections were
placed onto cleaned and gelatin-subbed CR-39 polycarbonate
solid state track detector slides obtained pre-cut from Track-
Analysis Systems (Bristoi University, Bristol, UK) cut to the
standard glass microscope size of 76 mm X 25 mm X 1.5 mm.
Every alternate section was placed onto a standard subbed glass
slide and stained with hematoxylin and eosin (H&E). Ten 5-pm
sections were cut from each block.

The CR-39 slides were exposed to thermal neutrons within the
HERALD reactor at AW.E. Aldermaston, UK, to produce iy
fission fragment autoradiographs for the location of the UQ, par-
ticles. The mean exposure fluence for all the sections was 5.3 +
0.2 (SD) x 10'? neutrons/cm?

After neutron exposure, a ***Pu a-particle shadow image of the
lung section was produced in the CR-39 using the method of
Gore et al. (J2). This method creates a reasonably good resolo-
tion tissuc image of the lung section while retaining the neutron-
induced ***U fission fragment tracks. The précedure enabled us
to locate ***U fission fragment track foci within the tissue sec-
tion (see Figures 1-4). It is assumed that the ***U remains
associated with the insoluble UQ, particles and that the number
of tracks seen is related to the mass of UQ, in the tissue section.
A full description of the fission fragment awtoradiography techni-
que vsed for the tissue sections mounted on CR-39 is given by
Morris et al. (8).

Image Analysis of 235U Fission
Fragment Autoradiographs

Single Traverse across a Section from the
Left Lung

To investigate whether the lung sections showed any significant
temporal changes in the percentage of tracks associated with the
lung periphery, a series of single traverses were made across a
selected CR-39 a-image autoradiograph made froma tissue sec-
tion taken from the slice from the apex of the left lung. This was
the 3-mm tissue slice with the largest cut surface area. These
traverses were made using a light microscope, at 160X magnifi-
cation, equipped with a motorized stage and attached to a
Seescan Solitaire plus grey-level image analyzer (Seescan Lid. ,
Cambridge, UK). The image was captured from the microscope
using a high-resolution monochrome Newvicon camera and fed
into the Seescan image analyzer via a monochrome monitor. The
traverse was taken across the widest part of the left lung section
image, approximately from the ventral to the dorsal side of the
rat. The single traverse was divided into 10 equal lengths such
that the opposite edges of the lung made the beginning and end
of the traverse. The height of each of the 10 fields was 500 pm.
The width of each field varied between 1000 and 1500 um,
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depending on the width of the lung section image. The number
of fission fragment tracks were then counted within each of the
10 fields. Small foci of tracks were counted by eye. The few large
foci of tracks observed were measured by the Seescan image
analyzer, where the area of the total track focus was divided by
the mean area of a single track to estimate the track number. This
was repeated using left-lung eighth slices from each rat at every
time point P1. The mean percentage of tracks per field was then
calculated for each time PI1. A chi-square homogeneity test (13)
was applied to the data to see if the distribution of tracks across
the traverse differed from that expected with uniform track
distribution (i.e., 10% per field).

Uniformity of Track Distribution throughout
Entire Section

We randomly selected two of the CR-39 autoradiographs of
sections taken from the eighth 3-mm slice from the apex of the
left lung from rats killed at each time point. The CR-39 tissue im-
ages were systematically raster scanned with the Seescan image
analyzer so that all of the section was viewed with no field
overlapping. The field size was 500 X 500 pm. The track
number for each field was counted by eye for small track foci and
by the image analyzer for the occasional large track foci, using
the total track foci area method described above. There were
4-25 large foci (including track aggregates from macrophage
clusters) in each section autoradiograph. The total number of ac-
cepted fields scanned per section varied from 450 to 650 fields.
All fields within the section where no tissue was seen (mainly in-
side conducting airways) were discounted. Otherwise all fields
were accepted, provided they had some tissue visible. We assum-
ed that the percentage of fields with small fractions of tissue pre-
sent would have been similar for all section images. A chi-square
homogeneity test (/3) was applied to the track count data from
each section to assess whether the number of tracks present
within each field was consistent with a uniform track distribu-
tion over the entire section.

Estimation of Number of Macrophage Clusters
within CR-39 Autoradiographs

While scanning some of the CR-39 autoradiographs to obtain
data for earhcr work (8), it was noticed that occasionally some
large foci of 2*U fission fragment tracks were seen. These track
aggregates were markedly larger than the normal circular foci of
tracks and were made up of many overlying large foci (see
Figures 1-4). Studying the adjacent H&E tissue sections led to
the conclusion that these track aggregates were caused by clusters

- of macrophages containing many clearly visible black particles
that were assumed to be UQ,. As these track aggregates were
visually quite striking, an attempt was made to assess their
significance on total lung doses.

A single CR-39 autoradiograph from each of the 13 lung slices
was fully scanned, and the number of these track aggregates
counted. This was repeated for all rats, at all time points, giving
a total of 52 lung autoradiographs scanned from the 4 rats killed
at 1 and 7 days PI and 260 lung autoradiographs scanned from
the 20 rats killed at 180, 360, 540, and 720 days PI. The track ag-
gregates were subclassified into large and smatl macrophage
clusters. Small track aggregates typically consisted of 150-500
tracks, whereas large aggregates contained about 300-2000

tracks. The location of each track aggregate was noted and
assigned to either subpleural alveolar, central alveolar, or ciliated
airway tissue regions, in the manner of Morris et al. (8). The
subpleural alveolar region was taken as all alveolar tissue within
100 pm of the lung periphery.

For some of the left lung autoradiographs the total number of
fission fragment tracks within the section was already known (8).
This was true for all the autoradiographs from the eighth 3-mm
slice from the left lung apex (one section per rat) and for all time
points from 1 to 720 days PI (a total of 24 autoradiographs). Us-
ing this information, the percentage contribution from the track
aggregates to the total tracks counted in these left lung tissue sec-
tions, was calculated for each time PI.

Results and Discussion

Single Traverse across a Section from the
Left Lung

The mean percentage of tracks found within each of the 10 fields
per traverse across the left lung autoradiograph is given in Table
1. The results of the chi-square homogeneity test of these data,
averaged for all rats per time Pl and assumin§ anexpected 10% of
all tracksm each field, were 1 + 7days PI, X* =20 + 9(SD); 180
days PI, X%= 37 + 23;360days PI, x2 =93 + 98; 540 days PI,

= 136 + 102; and 720 days PI, X = 114 + 39. Inall cases the
results of the chi-square test showed that the distribution of tracks
across the traverse was significantly nonrandom (p < 0.001). The
results of a #-test comparing these mean chi-square values show-
ed that the 720 days PI point was significantly higher than the two
chi-square mean values measured at4 (1 + 7)and 180 days PI (p
< 0.01). There was no significant difference between the mean
chi-square values found at 4, 180, 360, and 540 days PI.

The results do not suggest an obvious movement of the par-
ticles, in terms of track counts, to the periphery of the lung. The
most noticeable feature of the data is that the standard deviations
of the means given in Table 1 tend to become larger with increas-
ing time P1. Both this and the chi-square test data suggest that the
track distribution throughout the traverse section is becoming in-
creasingly less homogeneous with time PI.

Table 1. Mean percentage of total tracks counted within each of the 10 fields
across one traverse of a left lung section autoradiograph.*

% of total tracks within each field
Time Peripherai Central Peripheral
Pl days 1 2 3 4 5 6 7 8 9 10

1+7 109 105 103 55 135 89 13.1 107 7.6 9.1
4.0) (1.9) (5.8) (3.0) (7.8) (52) (4.2) (3.3) 4.9 (2.9)
180 132 81 135 107 11.0 104 84 80 81 85
9.4) 2.2} (1.8) (5.8) (7.7) (9.4) @.1) (5.4) (1.7 (5.1)
360 75 67 67 80 114 134 112 178 6.7 10.7
(3.0) 2.9) (5.3) (8.7) (5.6)(13.6) (7.8)(22.2) (6.3) (8.9)
540 149 39 126 182 7.5 82 77 39 150 8.0
(23.5) 24) BNULT (5.7 (7.8) @.8) (3.3} @22.1) (6.5

720 LS 111 122 69 124 142 80 6.8 127 43
.7 (3.7 (5.5 (8.4)(13.2)(13.8)(14.4) (8.1) (13.5) (3.5

P1, post inhalation.

“The height of each field was 500 gm, and the length varied from 1000 to
1500 xm. Each data mean is shown with its standard deviation in parentheses.
The mean total number of tracks counted in all 10 fields, at each time point, was
1 +7daysPl 2.367 + 0.963 (SD) x 10°; 180 days P1 = 1.052 £ 0.367 x
10%; 360 days PI = 563 + 382; 540 days PI = 305 + 82; 720 days P] = 284
+ 362 (where n = 5; one autoradiograph from five rats per time point PI).
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Uniformity of Track Distribution
throughout Entire Section

The results of the chi-square test for homogeneity of track
distribution within an entire CR-39 autoradiograph, produced
from the left lung slice from two rats killed at 1, 7, 180, 360, 540,
and 720 days PI, were 1 day PI, x* = 1.5 + 36 (SD) x 10%; 7
days PI, X*=17229 4+ 58 x 10°; 180 days PI, X2 =258 4+ 88
X 10%; 360 days PI, X? = 50.8 + 30.2 x 10°; 540 days PI, X* =
420 + 29.2 x 10°; 720 days PI, X* = 146.4 + 1637 x 10° The
results of the chi-square test showed thatall sections measured had
atrack distribution that was significantly nonrandom (p < 0.001).

The high chi-square value at the 720-day PI point was due to
one of the sections, which had two large track aggregates, hav-
ing a chi-square test value of 2600 x 10°. Ifall of the 3873 X 10°
tracks counted in this autoradiograph had been in one of the 552
fields scanned, the chi-square value would be 2.1 X 10°. The sec-
tion from the other rat killed at 720 days P! had a track homo-
geneity chi-square value of 31.0 X 10°.

A t-test of the mean chi-square values given above showed no

. significant difference between any of the PI points. However the
single section from the rat killed at 720 days PI with the chi-
square value of 260.0 X 10® was found to have a track distribu-
tion significantly less homogeneous than that found with the
autoradiographs from the 1- and 7-day Pl time points (p < 0.02).
So there is an apparent trend of an increasingly less homo-
geneous track distribution with time PI. Unfortunately, there was
insufficient time to scan more sections, which would have im-
proved the sensitivity of the statistical tests by increasing the
degrees of freedom.

Estimation of Number of Macrophage Clusters
within all CR-39 Autoradiographs

Table 2 shows the nember of macrophage clusters within each
lung tissue region, from all the 13 lung lobe sections taken from
each rat killed at 1 to 720 days PI. The number of small and large
clusters was found to increase consistently with time PI in the
subpleural alveolar and airway tissue regions. The number of
clusters in the central alveolar tissue region tended to reach a
maximum after 360 days P1, falling slightly by 720 days P1. Mor-
ris et al. (8) reported that the UO, particles appeared to clear
faster from the central alveolar region than from the subpleural
alveolar and ciliated airway region. Thus, fewer, particles will

Table 2. The number of track aggregates observed within each CR-39 tissue-
image autoradiograph.”

Time PI, Alveoli Pleura Airways
days Small Large Small Large Small Large
1+7 0 0 0 0 7 0
180 16 1 5 5 1 0
360 7 9 5 1 5 1
540 7 3 6 18 5 3
720 8 4 10 19 9 7

FI, post inhalation.

In all cases the track aggregates appeared to be due to the clustering of
alveolar or interstitial macrophages. The section was divided into the pulmonary
regions of central alveolar tissue, alveolar tissue within 100 xm of the lung
periphery (subpleural alveoli), and ciliated airway tissue. The number of sections
scanned (n) from all five lung lobes were: at 1 + 7 days P1, n = 52; at 180
days-720 days P1, n = 65 for each time point P1I.

be available in the central alveolar region for the promotion of
macrophage clusters. In general, except for clusters associated
with airway tissue, the macrophage clusters appeared to be on the
alveolar surface. However, the thickness of the H&E-stained sec-
tion did not give good resolution at high magnification, which
precluded detailed histological analysis. Occasionally, macro-
phage clusters were clearly seen within lymphatic tissue associ-
ated with the alveolar subpleural region, although this was on-
ly after 180 days PI. Serious lung disease was not observed in the
animals until 720 days PI (9), so this should not be an important
factor in the UQ, particle distribution at earlier time points.

A typical large macrophage cluster found within the central
alveolar tissue region, at 360 days PI, is shown in Figures 1 and
2. A similar large macrophage cluster observed in the subpleural
alveolar region at 360 days P1 is shown in Figure 3.

At the 1- and 7-days PI time points, all the macrophage clusters
within the sections were designated as small, and all were found
on the inner airway surface (Fig. 4). These were probably in the
process of being cleared by the mucociliary escalator. At later
times points, all the macrophage clusters were under the airway
epithelium and normally associated with airway lymphatic
tissue, suggesting that particles within these interstitial macro-
phages would be retained in this location for long periods. Morris
etal, (8) suggest that the observed UQ, distribution pattern will
lead to a significant dose to the airway tissue, similar to the ac-
cumulated dose received by the centrat and subpleural alveolar
tissue from 4 to 720 days PI. No macrophage clusters were
observed to be related to alveoli or airway perivascular tissue,

Table 3 gives the percentage of tissue sections found to contain
small and large track aggregates. It can be seen that, even at 720
days PI, the majority of sections, 63 %, had no large macrophage
clusters and that 45 % of sections had no macrophage clusters at
all. It should be pointed out that even if sections had no macro-
phage clusters, at the later times PI the track distribution still ap-
peared to be nonrandom within many of the sections, suggesting
that the dosimetric pattern of tissue irradiation will be non-
uniform. However, as the distribution pattern changes con-
tinuously with time due to alveolar and interstitial macrophage
movement, and given the 40 um range of « particles in tissue
(14), the actual tissue irradiation pattern may be more uniform
than suggested by these observations.

The total number of ***U fission fragment tracks were known
for 24 of the 8th left lung slice autoradiographs. Using this infor-
mation the proportion of tracks originating from the macrophage
clusters could be found (Table 4). This gives a guide to the
dosimetric significance of the small and large macrophage
clusters. It can be seen that at the later PI time points, the number
of tracks within clusters can represent a significant proportion
of the total tracks counted throughout the section (Table 4). The
maximum percentage of tracks present within macrophage
clusters ranged from 0 to 0.4 % of all tracks throughout the sec-
tion at4 (1 + 7) days PI. At 180 days PI this value ranged from
0103.77%, at 360 days Pl it ranged from 0 t0 40.5 %, at 540 days
PI it ranged from O to 6.9%, and at 720 days the tracks within
clusters ranged from 11.0 to 83.9% of the total tracks within the
section. Thus, even as early as 360 days PI, macrophage clusters
could contain enough UQ, particles to represent up to 40% of the
relative mass of UO, present within the entire section. All these
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FiGure 1. A CR-39 autoradiograph of a section from the eighth 3-mm slice from the apex of the left lung of a rat killed at 360 days P1. A large aggregate of 2**U
fission fragment tracks can be seen within the central alveolar tissue region, The total number of tracks emanating from the macrophage cluster was estimated
to be 750 tracks using the Seescan image analyzer, which represents 18 % of the total track count across the section. AL, central alveolar tissue region; A, con-
ducting airway designated as ciliated airway tissue region; B, airway blood vessel designated as ciliated airway tissue region. Bar = 300 xm.
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Figure 2. Photomicrograph of a hematoxylin and eosin stained section cut serially to the section used to produce the CR-39 autoradiograph shown in Figure 1,
although this higher magnification photomicrograph shows the large track aggregate region only. A large alveolar macrophage cluster can be seen, from which
the many ***U fission fragment tracks present in Figure 1 emanate. Particles can be clearly seen within the macrophages, and these are assumed to be enriched
UOQ,. AL, central alveolar tissue region. Bar = 100 gm,
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FIGURE 3. A CR-39 autoradiograph of a section from the fifth 3-mm slice from the apex of the right posterior lobe from a rat killed at 360 days P1. A large aggregate
of ***U fission fragment tracks can be seen within the subpleural alveolar tissue region, The total number of tracks emanating from the macrophage cluster was
estimated as 1.4 X 10° tracks using the Seescan image analyzer. The total section track count was not obtained. AL, central alveolar tissue region; PL, subpleural

alveolar tissue region. Bar = 200 um.
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FiGure 4. A CR-39 autoradiograph of a section from the third 3-mm slice from the apex of the right cardiac lobe of a rat killed at 7 days PL. A small aggregate of
U fission fragment tracks can be seen on the surface of a conducting airway, presumably in the process of being cleared via the mucociliary escalator, The total
number of tracks emanating from the small macrophage cluster was estimated to be 210 tracks using the Seescan image analyzer. The total section track count
was not obtained. AL, central alveolar tissue region; A, conducting airway designated as ciliated airway tissue region; B, airway blood vessel designated as air-

way perivascular tissue region. Bar = 300 um.
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Table 3. The number of sections found to have large and small macrophage
clusters, expressed as a percentage of the total sections scanned."

% of all sections with Sections
Time PI, days Small clusters Large clusters Both clusters scored
1+7 1.5 00 1.5 52
180 292 77 36.9 65
360 200 231 354 65
540 21.5 323 49.2 65
720 323 369 55.4 65

P, post inhalation,
*The sections were systematically selected from all five lung lobes. For the
definition of large and small macrophage clusters, see text.

Table 4. The proportion of ***1J fission fragment tracks counted within
the macrophage clusters."

All [ung sections,
% of all tracks in clusters

Sections with clusters,
Time PI, days % of section tracks in clusters

117 0.44 013
180 2.15 0.49
360 19.70 376
540 6.54 17
720 3784 3784

PI, post inhalation,

*All measurements were made using CR-39 autoradiographs produced from
sections taken from the eighth 3-mm slice from the apex of the left lung. The mean
total number of tracks counted within the five left lung section autoradiographs
was: | + 7 days PI = 33.690 £ 11.416 (SD) x 10%; 180 days PI = 16.66 + 8.653
% 10%; 360 days PI = 5055 + 0.912 X 10*; 540 days PI = 3.129 + 0.771 x 10%;
720 days PT = 2.922 4 0.867 x 10°.

particles of UO; would be within a tissue volume (assuming a
uniform section thickness) of less than 0.1% of the total tissue
volume within the section (8).

However, a lot of sections did not have any macmPhage clus-
ters, although they still had comparable numbers of “**U fission
fragment tracks. This fact will reduce the mean percentage of
tracks counted within macrophage clusters if related to total sec-
tions scored. The second column in Table 4 gives these values.
At time points less than 720 days PI, the percentage of tracks
within clusters is noticeably lower than the value obtained when
only sections with macrophage clusters were considered. At 720
days PI, all sections scored had macrophage clusters, so the
values do not change. Given that less than 4 % of all tracks were
typically associated with clusters at all the time points up to 540
days PI, this suggests that the clusters were not important in terms
of the total dose received by the lung over this period. However,
the dose rate will obviously be higher to cells within exposure
range of the UO, particles inside the macrophage clusters com-
pared to the more uniform UQ, distribution throughout the rest
of the section. The significance of this higher dose rate is difficult
1o determine and depends on how important any “hot spot™ ir-
radiation is assumed to be in terms of cancer induction. At the
later 720-day PI time point, the macrophage clusters clearly have
a marked effect on the dosimetric pattern of tissue irradiation,
and it appears that the increasingly nonuniform track distribu-
tion pattern (as determined by the chi-square test in previous sec-
tions) is mainly due to the increase in the number of these
macrophage clusters with time PI.

However, by 720 days PI the animals were near the end of their
lives, and only about 16 % of the initial lung burden was still re-
tained in the lung (9). The animals will have received most of
their total lifetime ***U a-particle dose well before 540 days PI.

By 45, 90, 180, 360, 540, and 720 days PI, the animals were
estimated to have received a total a-particle dose, averaged over
the whole lung, of 0.9, 1.6,2.9, 4.4, 5.2, and 5.7 Gy, respective-
1y (9). Thus the large macrophage clusters observed may have
occurred too late in the animals’ lives to be important in terms of
dose to cells at risk of cancer induction. If the total ***U fission
fragment tracks counted in the eighth left lung slice sections and
the total number of tracks counted emanating from macrophage
clusters within these sections are plotted against time P1, the area
under the curve, from 4 to 720 days P, is 46 times greater in the
case of the total section counts. This suggests that about 2 % of
all ***U o-particle emissions occur within the macrophage
clusters, and 98% occur within the rest of the lung, over the
720-days PI period. Owing to the increasing number of macro-
ghagc clusters observed with time PI, about half of the 2% of
*U «-particle emissions within clusters appear to be emitted
between 540 and 720 days P1. Thus, over the 720-day PI period,
by far the greater proportion of cell hits will be from  particles
emitted from UO, located outside the macrophage clusters.

If this were the case, it is possible that the similar clusters of
macrophages, all laden with anthracitic particles, which were
observed in postmortem human lungs from elderly individuals
by Cottier etal. (7), may not have important dosimetric implica-
tions. These interstitial macrophage clusters were within pleural
and septal lymphatics, not normally the location of macrophages
that have recently phagocytized particles from alveolar surfaces.
Cottier et al. (7) found few particle-laden macrophages within
the human alveoli region of these old individuals. However, as
most of the particles seen are likely to have originally come from
the alveolar region, the unknown residence times in the human
alveoli and latterly in the lymphatic tissue must also be taken into
account. Also, the majority of particles inhaled would normal-
ly be cleared from the lung over the individuals lifetime (15),
either completely from the individual via the mucociliary
escalator or, probably to a much lesser extent, to the thoracic
Iymph nodes (9). It is likely that a substantial part of the total -
particle irradiation of the lung will come from those particles that
clear in such a manner and leave the lung long before lung disease
would be clinically detected.

An estimate can be made of the ***U a-particle dose within the
small and large macrophage clusters observed within sections
from the eighth left lung slices. As the neutron flux used to pro-
duce CR-39 autoradiographs of these sections is known, the mass
of UO, within the sections can be calculated (/6). It was es-
timated that one fission fragment track would be expected for
every 0.17 pg of UO, after exposure to a thermal neutron fluence
of 5 X 10'* neutrons/cm? assuming that all ***U fissions will
result in one track being detected within the CR-39. The tissue
area within each individual macrophage cluster was found from
alternate H&E sections to that used to produce the autoradio-
graphs. Assuming a uniform section thickness of 5 pm, the ap-
proximate tissue volume of each macrophage cluster was
calculated, excluding air spaces. The tissue density was taken as
1 g/cm?, and the mass of UQ, per gram of tissue was calculated,
From these values the dose rate within the macrophage clusters
was calculated, ignoring all clusters found at 1 and 7 days PI,
which were on the airway surface. The dose rate within the small
macrophage clusters was estimated to be 0.033 + 0.015 Gy/day
(n = 11}, and the dose rate within the large macrophage clusters
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was estimated to be 0.130 + 0083 Gy/day (» = 6). In com-
parison, the dose rate averaged over the whole lung was estimated
to be 0.021 Gy/day at 4 days P1, 00057 Gy/day at 360 days P, and
00026 Gy/day at 630 days PI (9). If it is assumed that the
macrophage clusters remain at the same location within the lung
once formed, this suggests the total accumulated dose within
small clusters will be 18 Gy over the 180- to 720-day PIperiod.
Similarly, the total accumulated dose within large macrophage
clusters would be 47 Gy over the 360- to 720-day PI period.
Thus, the local dose to cells intimately associated with the
macrophage clusters could be much higher than the estimated ac-
cumulated dose of 5.7 Gy averaged over the whole lung from 4
to 720 days PI (9). However, the assumption that these macro-
phage clusters remain at a fixed location for such long periods
may not be valid.

Conclusions

The distribution of the 2**U fission fragment tracks within the
left lung of the rat was found to be nonhomogeneous at all time
points from 1 to 720 days PI. This suggests that the pattern of By
«-particle irradiation within the lung will be consistently non-
uniform throughout the life of the individual after exposure.

" There was an apparent increase in the nonhomogeneity of the fis-
sion fragment track distribution throughout the lung with in-
creasing time PI. Even at the later times PI, there was no evi-
dence that tracks were becoming increasingly associated with the
peripheral regions of the lung.

Macrophage clusters were found within many of the rat lung
sections taken from all five lobes. The number and size of these
clusters increased with time PI. From data taken from the left
lung, it appeared that the percentage of tracks associated with
these macrophage clusters was less than 4% up to 540 days PI.
At 720 days PI, typically 40% of all tracks were counted within
these macrophage clusters. This suggests that these macrophage
clusters may not be a significant factor in contributing to the total
lung dose, as by 540 days P1I the rats have received more than
90% of their total accumulated ***U e-particle lung dose, averag-
ed over the whole lung. However, from 180 to 720 days PI, the
estimated dose rate within these macrophage clusters was much
higher than the corresponding dose rate calculated by averaging
over the whole of the rat lung.
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